ABSTRACT A novel compact antipodal tapered slot antenna (ATSA) for short-pulse ground penetrating radar (GPR) systems is presented. In order to improve the GPR antenna's radiation capability, we load the artificial material (AM) lens and reflector in the blank area of the antenna's substrate. Benefiting from the planar and compact structure of AM lens and reflector, original ATSA's directivity and radiation gain can be enhanced without decreasing its bandwidth or increasing any additional burden. To validate the proposed ATSA's performance, two prototypes (with and without AMs) are simulated, fabricated, measured, and compared. The simulation and experimental results indicate that the proposed ATSA has a −10 dB impedance bandwidth of 176.9% (0.43-7.0 GHz) and a −3 dB gain bandwidth of 111.1% (2.0-7.0 GHz). Besides, the radiation gain has been improved by about 2 dB while keeping the stable and endfire patterns over the frequency band. In addition, the transmission response in time domain indicates that it has a small ringing. The proposed ATSA is suitable for short-pulse GPR systems due to its excellent radiation performance. The introduced AM lens and reflector provide an effective way to improve antenna performance, which can be used in many other wireless systems.
I. INTRODUCTION
Broadband antennas have been used in both military and civilian wireless systems, such as satellite communication, microwave imaging and ground-penetrating radar (GPR) [1] . In order to make them possible to work with a short pulse of nanosecond or even sub-nanosecond duration, the GPR's transmitting and receiving antennas are required to have an ultra-wide bandwidth from several megahertz up to several gigahertz. Taking into account the convenience, the printed broadband antennas, such as tapered slot antennas [2] and bow-tie antennas [3] , [4] , are widely used in GPR systems due to their planar structure, low profile and ease of fabrication. Compared with the bow-tie antennas, the tapered slot antenna owns the properties of directional radiation, broader band and higher gain. Recently, many tapered slot antenna designs have been studied and reported in literatures, e. g., linear tapered slot antenna [5] , the constant width slot antenna, exponentially tapered slot antenna [6] , antipodal tapered slot antenna (ATSA) and other variants [7] .
Due to the high energy attenuation within the underground media, the GPR antennas need to be designed with high gain. One typical method is to construct antenna array [8] which leads to more complex front RF circuits and higher cost. Another effective way is to introduce parasitic structures in the flared aperture of its radiation direction, acting as directors or lens [9] . These parasitic structures can be constructed by natural materials or artificial materials (AMs) [10] . The AMs have advantages of innovative ability over natural medium to artificially control materials' electromagnetic properties, which is useful to reduce antenna size and cost. Wu et al. [11] demonstrated that AMs with zero or low refractive index can enhance directional antennas' radiation gain. Zhou and Cui [12] proposed an anisotropic zero index metamaterial to enhance Vivaldi antenna's directivity and gain. This method can also be used in higher frequency bands, such as millimeter and terahertz bands [13] . Besides, AM with high permittivity was used to realize a high gain antipodal Vivaldi antenna [14] . In [15] , split-ring resonators and I-shaped resonant unit cells are also utilized to enhance radiation performance. In these references, the AMs operate in narrow bands. In [16] , a non-resonant parallel-line AM is proposed to improve radiation gain of a broadband ATSA. Elham Erfani adopted a gradient refractive index metasurface lens to construct a broadband and high gain ATSA [17] . However, these AM-based antennas usually work in tens of gigahertz while the GPR operates at a lower frequency (from several megahertz up to several gigahertz). On the other hand, it is a little difficult for planar tapered slot antenna to balance the wideband and high gain. To our best knowledge, it is an early attempt to load parasitic AMs lens and reflector into ATSA to improve the radiation gain for short-pulse GPR. This paper's structure is organized as follows. In Section II, we introduce AMs to form an improved ATSA. Simulated and measured S11 parameters, antenna gain and radiation patterns are provided and analyzed in this section. Section III presents the coupling mechanism between AMs and the original ATSA by studying their transmission properties, effective electromagnetic parameters and electric field distribution. Section IV finally concludes this paper.
II. AMS-BASED ATSA DESIGN AND RESULTS
In this section, we first present the original and AMs-based ATSA design. Then the simulation and experimental results of the designed antennas are shown to compare their performance. 
A. ANTENNA DESIGN
The geometry of original ATSA without AMs is sketched in Fig. 1 . The dielectric substrate is chosen as the Rogers RO4003C, whose relative permittivity and tangent loss are ε r = 3.38 and tan δ = 0.0027. Its thickness is h = 1.52mm. In addition to the dielectric substrate, original ATSA is composed of four metal parts -top patch, bottom patch, feedline and ground. The ground and feedline are symmetrical in the xOy plane, respectively. The radiation patches are flared in opposite directions. Additionally, the metal is copper with a thickness of 17.5µm and conductivity of σ = 5.9 × 10 7 S/m. In this paper, the top metal is shown in red and the bottom metal is in blue. Due to the complex antenna construction, a global coordinate system centered at the connection between the feedline and top patch is used to simplify the analytical description. The coordinate system and its origin are demonstrated in Fig. 1(b) . In this figure, the curves of the radiation patches and ground are expressed by the following equations and the curvature parameters listed in Table 1 . Other parameters are given in Table 2 . For the purpose of designing a GPR antenna with excellent performance and making full use of the substrate space, we propose a compact ATSA with two types of AMs. The designed ATSA consists of three parts -the original ATSA, AM-1 and AM-2, shown in Fig. 2 . AM-1 is composed of closed rectangular metal loops located in the yOz plane. The copper tracks on both sides form the top and bottom sections of the loops. The vertical segments of the rectangular loops run through the substrate with a length of h = 1.52mm. Differently, AM-2 is composed of split ring resonators located on the top or bottom side of the substrate. Other parameters of AM-1 and AM-2 are given in Table 2 .
In this paper, the original and improved ATSAs are manufactured by a high-solution printed circuit board technology. Due to limitations of this technology, the vertical segments of the rectangular loops embedded into the dielectric are fabricated as electroplated though channel with the diameter of 0.5 mm. In the experimental measurements, the S parameters and radiation patterns are measured by vector network analyzer Rohde & Schwarz ZVA40, a broadband horn antenna and a standard gain horn antenna.
B. SIMULATION AND EXPERIMENTAL RESULTS OF THE ATSAS
In this sub-section, we analyze the S parameters, radiation gain, radiation patterns and transmission response of the ATSAs with and without AMs. Fig. 3 shows the simulated and measured magnitude of S11 parameter in dB of the ATSAs. Its insets show the photographs of the fabricated antennas. The test frequency band is from 0.1 GHz to 14 GHz. As shown in Fig.3 , the simulation and experimental results match very well except for some slight mismatches, due to the frequency limit of the SMA connectors and the printed circuit board manufacture tolerance. This means the simulated S11 parameters are acceptable. In order to provide a better comparison, we list the simulated and measured start/stop frequency and bandwidth in Table 3 . The AMs exert small impact on the start/stop frequency and the bandwidth. It can be noted that the stop frequency is much higher than the start frequency, which means the ATSAs have an ultra-wideband. Although there is a deviation in the start frequencies, the influence of the deviation is not significant with respect to the entire effective frequency band. Considering the stable radiation gain and patterns, we select 7.0 GHz as the stop frequency and will explain the reason in next sub-section. Fig. 4(a) illustrates the simulated radiation gain of ATSAs from 0.2 GHz to 7.0 GHz. Compared to the original ATSA, the radiation gain of ATSA with AMs is slightly increased at lower frequency and is significantly enhanced above 3.0 GHz. Even with the relatively thick substrate, the parasitic AMs can obtain the antenna gain greater than 10 dBi from 2.0 GHz to 7.0 GHz. Notably, the maximum gain can reach 14.1 dBi, which is much higher than that of most planar ATSAs. As the radiation pattern distorts and the gain drops significantly above 7.0 GHz, we only consider antenna performance below 7.0 GHz. Hence, the improved ATSA with AMs is a broadband antenna with a −10 dB impedance bandwidth of 176.9% (measured value: from 0.43 GHz to 7.0 GHz) and −3 dB gain bandwidth of 111.1% (from 2.0 GHz to 7.0 GHz). Additionally, limited by the bandwidth of the standard gain horn antenna, we measured the radiation gain from 2.6 GHz to 3.95 GHz with a step of 0.2 GHz, shown in Fig. 4(b) . Obviously, the experimental and simulation results are in good agreement. The ATSA with AMs has a higher radiation gain than that without AMs.
1) S PARAMETERS

2) RADIATION GAIN
3) RADIATION PATTERNS
Besides, we also measured radiation patterns of the ATSAs. The simulated and measured E-planes (xOy plane) and H-planes (xOz plane) are exhibited in Fig. 5 and Fig.6 , respectively. In these figures, E/H patterns of original ATSA are drawn with black solid lines, while the E/H patterns of improved ATSA are drawn with red dashed lines. From Fig. 5 and Fig. 6 , good consistency can be observed between the simulation and experimental results for both original and improved ATSAs. It can be clearly seen that the radiation of ATSAs are along the axial direction of the slot aperture. This indicates the ATSAs have endfire radiation patterns. Since the pattern is stable in the operating frequency band, we choose three typical frequency points -1.0 GHz, 4.0 GHz and 7.0 GHz. In order to compare the effects of AMs on the radiation patterns, E/H-planes of ATSAs at same frequency are placed together. Fig. 5 shows the simulated radiation patterns with the consideration of antenna gain. At 1.0 GHz and 4.0 GHz, there is no remarkable difference between the radiation patterns due to the small gain enhancement. At 7.0 GHz, the directivity and gain are improved obviously. The front-toback ratio is improved as well. Additionally, Fig. 6 shows the the frequency increases. It is only 17.3 degree at 7.0 GHz, which is much smaller than that of many other endfire antennas. This means that the radiation energy is more converged. Therefore, the designed ATSA with AMs can obtain a higher directivity and gain without changing the ATSA's bandwidth, structure and other properties.
In addition, in order to distinguish our results from other existing works, the operating frequency band, gain enhancement mechanism and other properties are compared in Table 5 . In this table, the parameters in italics are estimated from the results in [12] , [14] , [16] , and [17] . It can be observed that the proposed ATSA with AMs in this paper has a wider −10 dB impedance bandwidth and −3 dB gain bandwidth compared to the published works.
4) TRANSMISSION RESPONSE
With the aim of verifying whether the improved ATSA is suitable for GPR systems, transmission response in time domain is analyzed by using the transformation function. A pair of ATSAs are set face to face with a distance of 1.86 m in air. One antenna is fed with a Gaussian pulse signal, while the other one is used for receiving the transmitted signals. Fig. 7 shows the signal waveforms with normalized magnitude received in both front and back directions. The peak transient ratio of the front and back signal magnitude is about 166:1. Besides, there is a small late-time ringing in the received waveform behind the direct signal. This small ringing effect makes the proposed ATSA more suitable for short-pulse GPRs. 
III. COUPLING MECHANISM FOR THE PROPOSED ATSA
In order to analyze the coupling mechanism between the original ATSA and the AMs, electromagnetic properties of the proposed AMs are analyzed in this section. The unit cell of AM-1 is illustrated in Fig. 2(b) . To obtain the effective parameters of AM-1, a single unit with periodic boundary conditions is modeled to evaluate its scattering performance. The perfect electronic conductor boundary is perpendicular to y-axis, while the perfect magnetic conductor boundary is vertical to z-axis. Hence, electromagnetic wave is incident along x-axis. This is consistent with the electromagnetic environment in the flared aperture of ATSA.
The simulated reflection and transmission coefficients are demonstrated in Fig. 8(a) . In this figure, the magnitude of reflection coefficient (|S11|) in dB is less than −10 dB over 0 -7.0 GHz, while the transmission coefficient (|S21|) is about 0 dB. This ensures most energy radiated by ATSA can travel through AM-1. According to the effective medium theory, the proposed AM-1 can be replaced by a homogeneous medium when its unit cell is much smaller than the wavelength of incident wave. The effective electromagnetic parameters, including refractive index, impedance, relative permittivity and permeability, can be retrieved from its scattering parameters (S parameters) [18] . As shown in Fig. 8(b) -(d) , since the retrieved effective parameters are stable below 7.0 GHz, AM-1 can be regarded as a nonresonant material. In its non-resonant region, the equivalent VOLUME 6, 2018 impedance approaches to 1, which can provide a good impedance matching between the AM-1 and air.
Furthermore, we replace the inhomogeneous AM-1 by an equivalent homogeneous medium to study its influence on the gain enhancement. The phenomenon of energy convergence caused by AM-1 can be interpreted by the refractive law, as shown in Fig. 9 . In this figure, n 1 is the effective refractive index of AM-1, and n 0 is the refractive index of air. According to Snell's refraction law, i.e. n 1 sin α 1 = n 0 sin α 0 , it leads to a larger refractive angle (α 0 ) when n 1 is larger than n 0 . As a result, the energy can be converged, which can attain higher endfire gain and smaller half power beam width. This illustrates that the non-resonant AM-1 lens is useful to implement high directivity and gain over the whole operating band of ATSA.
On the contrary, AM-2 is partly useful to improve ATSA's performance. Simulated reflection and transmission coefficients are shown in Fig. 10 . In this figure, the magnitude of reflection coefficient (|S11|) at 1.0 GHz is near 0 dB. This means AM-2 reflects most backward energy to form a secondary radiation in a narrow band. It is a resonant reflector for the ATSA. Hence, the gain increases sharply at 1.0 GHz (about 1.0 dB as shown in Fig. 4 ) while keeping relatively stable at other frequency points. This provides a new idea to improve the radiation gain of ATSAs. i. e., a non-resonant AM reflector will be better.
From another point of view, the gain enhancement mechanism can also be explained by the simulated electric field distribution. Fig. 11 shows the magnitude of electric field distribution on the xOy plane at 1.0 GHz, 4.0 GHz and 7.0 GHz. As the antenna works, the electric field can be excited on the AMs, which contributes to the radiation and gain improvement. As shown in Fig. 11 (a) and (b), there is a stronger electric field coupling between AM-2 and radiation patches at 1.0 GHz than that at 4.0 GHz and 7.0 GHz. This further explains that AM-2 only works as a reflector in a narrow band.
Besides, at 4.0 GHz and 7.0 GHz, the electric field is more concentrated in the flared aperture of improved ATSA with AM-1, while less field distribution is observed in original ATSA's aperture. This strong electric field coupling phenomenon occurs in a wide frequency band and shows that the AM-1 is a broadband lens.
IV. CONCLUSION
We adopt broadband non-resonant AM lens and resonant AM reflector in the proposed ATSA. By adopting these AMs in both forward and backward directions of the antenna radiation, original ATSA's performance can be significantly improved. Meanwhile, the broadband and antenna size is maintained while the antenna gain and directivity is enhanced. Furthermore, the ATSAs with and without AMs is fabricated and measured to compare their performance and reveal the gain enhancement mechanism. Based on the simulation and experimental results, the proposed ATSA with AMs has the advantages of ultra-wideband, highgain and endfire radiation. These advantages ensure that the AMs-based ATSA can be used in short-pulse GPR systems and other broadband applications.
